The polarization behavior of ͑La 0.8 Sr 0.2 ͒ 0.9 MnO 3 ͑LSM͒ electrodes in contact with different chromia-forming alloys including a Ni-Cr-based superalloy ͑R600͒, and ferritic stainless steels ͑RA446 and Crofer22 APU͒ was studied under solid oxide fuel cell ͑SOFC͒ operating conditions. The magnitude of the polarization potential increase, ⌬E, depended on the composition and microstructure of the oxide scale formed on the alloy surface. Crofer22 APU alloy showed the lowest ⌬E change as a function of the cathodic polarization time among the chromia-forming alloys studied. This is most likely due to the formation of the dense and void-free oxide scale and the ͑Cr,Mn͒ 3 O 4 spinel phase formed in the top layer of the oxide scale decreases the chromium volatility of the scale. The result demonstrates the feasibility of the electrochemical polarization method in the qualitative diagnosis of the Cr volatility of chromia-forming alloys as interconnect for SOFC applications. Interconnect is one of the critical components in solid oxide fuel cells ͑SOFCs͒ for providing the electrical connection between individual cells, as well as for physically separating the anode and cathode gases. In recent years, metallic interconnects, especially those made from chromia-forming ferritic alloys, have been preferred over the conventional ceramic interconnect, for intermediate temperature SOFCs, due to the high electronic and thermal conductivity, good machinability, and low cost. [1] [2] [3] [4] [5] [6] [7] However, even at reduced SOFC operating temperatures the application of these chromia-forming alloys as interconnect still poses many challenges. One major problem is that the oxide scale formed on the surface of alloy after long-time exposure in SOFC environments leads to high electrical resistance and causes serious deterioration of the stack performance. 8 Furthermore, under high temperatures, volatile Cr species are released from the chromium oxide scale, resulting in a rapid degradation of cell performance owing to the poisoning of cathodes such as ͑La,Sr͒MnO 3 ͑LSM͒ and ͑La,Sr͒͑Co,Fe͒O 3 ͑LSCF͒ for the O 2 reduction reaction.
Interconnect is one of the critical components in solid oxide fuel cells ͑SOFCs͒ for providing the electrical connection between individual cells, as well as for physically separating the anode and cathode gases. In recent years, metallic interconnects, especially those made from chromia-forming ferritic alloys, have been preferred over the conventional ceramic interconnect, for intermediate temperature SOFCs, due to the high electronic and thermal conductivity, good machinability, and low cost. [1] [2] [3] [4] [5] [6] [7] However, even at reduced SOFC operating temperatures the application of these chromia-forming alloys as interconnect still poses many challenges. One major problem is that the oxide scale formed on the surface of alloy after long-time exposure in SOFC environments leads to high electrical resistance and causes serious deterioration of the stack performance. 8 Furthermore, under high temperatures, volatile Cr species are released from the chromium oxide scale, resulting in a rapid degradation of cell performance owing to the poisoning of cathodes such as ͑La,Sr͒MnO 3 ͑LSM͒ and ͑La,Sr͒͑Co,Fe͒O 3 ͑LSCF͒ for the O 2 reduction reaction. [9] [10] [11] [12] [13] [14] [15] Thus, the Cr volatility of the oxide scale formed is an important property of a chromia-forming alloy for the SOFC interconnect application. The challenge is how to measure, either quantitatively or qualitatively, the Cr volatility of a chromia-forming alloy under SOFC operating conditions in order to assess their applicability as SOFC interconnect. Konysheva et al. 16 used the transpiration method to measure the chromium vaporization rate of two commercial ferritic steels, Cr5Fe1Y 2 O 5 and Crofer22 APU, and found that the chromium vaporization rate of Crofer22 APU is lower than that of Cr5Fe1Y 2 O 5 . Not surprisingly, the cell with Crofer22 APU interconnect is much more stable in comparison to that with Cr5Fe1Y 2 O 5 interconnect. 16 However, the setup of the transpiration method and the subsequent analysis of the trapped chromium species by techniques such as inductively coupled plasma quadrupole mass spectrometry ͑ICP-QMS͒ are complicated and timeconsuming. Also, the transpiration method cannot be applied to the measurement of the chromium vaporization of a cell in contact with a chromia-forming interconnect under SOFC operating conditions.
We have studied in detail the interaction between the chromiaforming alloy interconnect and the LSM electrode. 15, [17] [18] [19] [20] The polarization performance of a LSM cathode in contact with a chromiaforming alloy is characterized by a well-defined behavior, a rapidly increased initial polarization potential, followed by a region where the further increase of the potential is much slower. The polarization potential increase, ⌬E, is essentially caused by the strong inhibiting effect of the gaseous chromium species on the surface dissociation/ diffusion process for the oxygen reduction on the LSM. 17, 21 This implies that the magnitude of ⌬E would be related to the degree of the chromium volatility of the chromia scale of the alloy. In this paper, the electrochemical behavior of the LSM electrode/ yttria-stabilized zirconia ͑YSZ͒ electrolyte cell in contact with three different chromia-forming alloys were studied under identical experimental conditions. The results demonstrate that Cr volatility of chromia-forming alloys can be qualitatively assessed by a simple and quick electrochemical polarization method based on the LSM/ YSZ system.
Experimental
Chromia-forming alloys used in the present study are Ni-Crbased superalloy, RA600, and ferritic stainless steels, RA446 ͑Rolled Alloy Co., Canada͒ and Crofer22 APU ͑provided by ThyssenKrupp VDM, Germany͒. The chemical composition of the alloys is listed in Table I .
Conventional ͑La 0.8 Sr 0.2 ͒ 0.9 MnO 3 ͑LSM͒ electrode/Y 2 O 3 stabilized ZrO 2 ͑YSZ͒ electrolyte cells were used in this study. The YSZ electrolyte disks were prepared by die pressing from 8 mol % Y 2 O 3 -doped ZrO 2 powder ͑YSZ, Tosoh, Japan͒ and sintered at 1550°C for 4 h in air. The electrolyte thickness and diameter were ϳ1 and 19 mm, respectively. LSM powders were synthesized by co-precipitation, followed by calcination at 1000°C in air. The LSM electrode coating was applied to YSZ electrolyte by screen-printing and sintered at 1150°C for 2 h in air. The thickness of the LSM electrode was ϳ20 m and the electrode area was 0.5 cm 2 . Pt paste ͑Ferro Corporation, USA͒ was painted on the opposite side of the LSM electrode to serve as the counter and reference electrodes. The counter electrode was symmetrical to the LSM electrode and the reference electrode was painted as a ring around the counter electrode. The distance between the counter electrode and the ring reference electrode was ϳ4 mm.
For the electrochemical testing, the alloys were machined into coupons ͑12 ϫ 12 ϫ 4 mm in size͒ with channels ͑1.2 ϫ 1.2 mm͒ cut on one side of the coupon. Air was directed to the channels through an alumina tube. Two Pt wires were spot-welded to the coupon to serve as the voltage and current probes, respectively. In this arrangement, the alloy also acted as a current collector. Air was dried through a molecular sieve before use and air flow rate was 100 mL min −1 . The cell configuration and the arrangement of the chromia-forming alloy interconnect can also be found elsewhere. 18 The polarization behavior of the LSM electrode with different chromia-forming alloys was carried out under a constant cathodic current density of 200 mA cm −2 in air at 900°C. The polarization potential ͑E Cathode ͒ was measured against the Pt air reference electrode. The current passage was interrupted from time to time to make electrochemical impedance spectroscopy ͑EIS͒ measurements. A Solartron 1260 frequency response analyzer in combination with a 1287 electrochemical interface was used for the EIS measurement, within the frequency range of 0.1 Hz to 100 kHz and the signal amplitude of 10 mV. EIS curves were measured at open circuit. Electrode ohmic resistance ͑R ⍀ ͒ was measured from the high-frequency intercept and the electrode interface ͑polarization͒ resistance ͑R E ͒ was obtained from the difference between the high-and lowfrequency intercepts on the impedance spectrum.
The microstructure and cross section of the oxide scale of the alloys were characterized by scanning electron microscopy ͑SEM, Leica 360͒. To examine the YSZ electrolyte surface in contact with the LSM electrode coating, the LSM electrode was removed by a 20% HCl acid treatment, followed by washing with deionized water. X-ray diffraction ͑XRD͒ ͑Philip, Netherland͒ was used to analyze the composition of the oxide scale of the alloys. Figure 1 shows the impedance response of the LSM electrodes for the O 2 reduction under a cathodic current passage of 200 mA cm −2 at 900°C in the presence of different chromiaforming alloys. Before the cathodic current passage, the initial impedance of the LSM electrode was characterized by a large and depressed arc. In all cases, the size of the impedance arcs changes with the cathodic current passage. At the initial stage of the cathodic current passage, the electrode polarization resistance ͑R E ͒ decreased with the cathodic current passage, showing the activation effect of the cathodic current treatment on the electrochemical activities of the LSM electrode for the O 2 reduction reaction. 22, 23 After cathodic current passage for 20 h, R E for the reaction in the presence of RA446 alloy and Crofer22 APU alloy was reduced from an initial value of 1.42 and 1.72 ⍀ cm 2 to 0.69 and 0.79 ⍀ cm 2 , respectively. For the O 2 reduction in the presence of RA600 alloy, R E decreased initially and increased again to 2.03 ⍀ cm 2 after cathodic current passage for 20 h. The R E values measured at an open-circuit potential ͑OCP͒ fluctuated and did not show consistent pattern with the cathodic current passage ͑Fig. 1d͒. The inconsistency and fluctuation in the R E behavior may be due to the complex effect of the activation process, the gaseous Cr species, and solid Cr deposits on the O 2 reduction reaction on the LSM electrode. 17 On the other hand, the change in the electrode ohmic resistance ͑R ⍀ ͒ of the LSM electrode in contact with a chromia-forming alloy is very small ͑see Fig. 1͒ . This indicates that chromium deposition at the LSM electrode did not affect significantly the electrical conductivity of the electrode under conditions of the present study. Therefore, the small differences in the electrode ohmic resistance between the LSM electrodes studied are most likely due to some variation in the LSM electrode and in the contact between the electrode and alloy interconnect rather than the deposited Cr. Figure 2 shows the polarization behavior of the LSM electrodes for the O 2 reduction at 200 mA cm −2 and 900°C in the presence of different chromia-forming alloys. In all cases, the time behavior of the cathodic polarization potential ͑E Cathode ͒ is characterized by two well-defined potential regions, consistent with previous studies. [17] [18] [19] [20] [21] E Cathode increases very quickly with the cathodic current passage, reaching a potential plateau where the increase in E Cathode is much slower. The magnitude of the E Cathode change with the cathodic current passage time was measured by the initial rapid increase of the polarization potential, ⌬E Cathode , as shown in the figure.
Results and Discussion
The initial E Cathode increase with the cathodic current passage ͑⌬E Cathode or ⌬E for short͒ for the O 2 reduction on the LSM electrodes in the presence of different chromia-forming alloys is shown in Fig. 3 . In the case of the RA446 alloy, the ⌬E value was taken as an average of the measurements of four samples. At the beginning of the experiments, the ⌬E values were similar for the alloys studied, 310 mV for RA600, 358 mV for Crofer22 APU, and 364 mV for RA446. However, ⌬E values increased with the cathodic polarization time and the magnitude of the ⌬E started to differentiate after the cathodic current passage for 5 h among the alloys studied. The rather similar ⌬E values for the reaction at the first 4-5 h indicate that there may be a transition period for the system to reach a steady-state response between the polarization and the alloy. In the presence of RA600 alloy, ⌬E increased rapidly to 1480 mV after polarization for 10 h, much larger than the initial value of ϳ310 mV. In the case of RA446 alloy, ⌬E increased to 764 mV under identical conditions. On the other hand, ⌬E for the O 2 reduction on an identical LSM electrode in the presence of Crofer22 APU alloy interconnect was 484 mV after cathodic polarization for 10 h, much lower than that in the presence of RA600 and RA446 alloys. The very different ⌬E behavior indicates the possible dependence of the ⌬E value on the chromium volatility or evaporation of gaseous Cr species from the oxide scales of the alloys. Figure 4 shows the SEM micrographs of the surface of the oxide scales of alloys after the cathodic current passage for 20 h at 900°C in air. The oxide scale formed on the RA600 alloy was characterized by a rough surface with numerous long and short cracks, while on the surface of RA446 and Crofer22 APU alloy, crystals with distinctive facets were clearly observed. The oxide scale formed on the Crofer22 APU alloy is dense without any cracks or voids ͑Fig. 4c͒ and on the RA446 surface, the crystals are large and do not appear densely packed ͑Fig. 4b͒. The corresponding XRD patterns of the oxide scales are shown in Fig. 5 . The XRD patterns of the oxide scales formed on the RA446 and Crofer22 APU alloys are similar, showing the formation of Cr 2 O 3 and ͑Cr,Mn͒ 3 O 4 spinel phases. On the other hand, the oxide scale on the RA600 alloy surface was mainly composed of NiO and chromia. The lack of the ͑Cr,Mn͒ 3 O 4 spinel phase formation on the RA600 surface is most likely due to the very low Mn content in the alloy ͑Table I͒. The very rapid ⌬E increase for the reaction in the LSM electrode in contact with RA600 alloy ͑Fig. 2a͒ is clearly due to the high chromium volatility of the dominant chromia phase in the oxide scale. 9 Studies have shown that the addition of Mn element in a chromia-forming alloy will lead to the formation of ͑Cr,Mn͒ 3 O 4 spinel phase in the oxide scale. 4, 24 The formation of ͑Cr,Mn͒ 3 O 4 spinel increases the scale electrical conductivity 4, 25 and decreases the chromium volatility of the scale. 26 The significant difference of the magnitude of ⌬E for the O 2 reduction reaction on identical LSM electrodes between the RA600, RA446, and Crofer22 APU alloys confirms that the formation of ͑Cr,Mn͒ 3 O 4 spinel phase on the oxide scale of a chromiaforming alloy reduces the chromium volatility. Figure 6 shows the SEM images of cross sections and the element distribution profiles of the chromia-forming alloys after oxidation treatment at 900°C in air for 500 h. There is no spallation of the oxide scale, indicating the good adhesion between the scale and the alloys. However, the thickness of the oxide scale appears to depend on the composition of the alloys. The oxide scale of superalloy RA600 was very thin, ϳ3 m. The thickness of the oxide scale of Crofer22 APU is ϳ5 m, smaller than ϳ9 m of the oxide scale formed on the RA446. This may be related with the alloying additives, such as La and Ti, in the Crofer22 APU alloy, which improves the adherence between the oxide scale and the alloy and reduces the growth rate of the chromium oxide scale. 26 In the case of RA446 and Crofer22 APU alloys, the content of Cr in the oxide scale close to the alloy was much higher than that of Mn and the element profiles of Cr and Mn became closely matched at the top surface layer of the scale ͑Fig. 6d and f͒. From the XRD and EDS results, it was clear that the top layer was mainly composed of an ͑Mn,Cr͒ 3 O 4 spinel phase, and sublayer mainly consisted of chromia. Similar results were also reported by Yang et al. 24 The content of Ni on the oxide scale of the RA600 alloy is very small in comparison to that of Cr. This again confirms that the oxide scale formed on the RA600 alloy is dominated by Cr 2 O 3 phase. Although the compositions of the oxide scales formed on the RA446 and Crofer22 APU alloy are similar ͑Fig. 5͒, the ⌬E increase for the reaction on the LSM electrode in contact with the Crofer22 APU alloy is significantly smaller than that in contact with the RA446 alloy ͑Fig. 3͒. The reason could be related to the denser, void-free, and thinner oxide scale of Crofer22 APU alloy as compared to that of RA446 alloy. This indicates that ⌬E is also sensitive to the microstructure of the oxide scale in addition to the composition. Figure 7 shows the SEM images of YSZ electrolyte surface in contact with LSM electrode coating after cathodic polarization at 900°C for 20 h in the presence of different chromia-forming alloys. The YSZ surfaces shown in the figure were taken on the area under the rib of the metallic interconnect and the LSM electrode coating was removed by a 20% HCl acid treatment. An LSM electrode/YSZ electrolyte interface after cathodic polarization for 4 h in the absence of a chromia-forming alloy at 200 mA cm −2 and 900°C is shown in Fig. 7d . The contact between LSM grains and YSZ electrolyte is indicated by the convex rings formed on the YSZ electrolyte surface ͑Fig. 7d͒. 27 Clearly, in the presence of the chromiaforming alloy, there is a significant Cr deposition at the LSM electrode and YSZ electrolyte interface. The deposition of Cr species at the LSM/YSZ interface for the reaction in the presence of RA600 alloy appears to be much more significant than that in the presence of RA446 and Crofer22 APU alloys, indicating again that the amount of the gaseous Cr species from the Cr 2 O 3 -forming RA600 alloy is significantly higher than that from the ͑Cr,Mn͒ 3 O 4 spinel-forming RA446 and Crofer22 APU alloys. The Cr deposition on the YSZ electrolyte surface in contact with the Crofer22 APU is the lowest, indicated by the clearly visible convex contact rings on the YSZ electrolyte surface ͑Fig. 7c͒. Qualitatively, the deposition of Cr species on the YSZ electrolyte decreases in order RA600 Ͼ RA446 Ͼ Crofer22 APU. This order is in good agreement with the ⌬E change with the cathodic polarization time for the O 2 reduction reaction on identical LSM electrodes in contact with different alloys ͑Fig. 3͒. Details of the deposition mechanism and kinetics of Cr species at LSM electrodes have been discussed in previous publications. [17] [18] [19] Despite the significant differences in the exact reaction steps for the O 2 reduction on LSM electrode, there is a general consensus that the reaction is most likely controlled by surface exchange processes such as the oxygen dissociative adsorption process, gas-phase oxygen diffusion, and oxygen diffusion on the LSM surface. [28] [29] [30] [31] [32] [33] [34] [35] The poisoning effect of gaseous Cr species generated is primarily to inhibit the electrode surface process and to block the diffusion path for the oxygen species on the LSM surface, leading to the rapid increase of the polarization potential, ⌬E, particularly at the early stage of the reaction. 17, 21 As the distribution and concentration of the gaseous Cr species in the LSM/YSZ system would be primarily affected by the temperature, air flow, oxygen pressure, and the Cr volatility of the chromia-forming alloy, [17] [18] [19] the increase of the ⌬E would be directly affected by the Cr volatility of the chromiaforming alloys if the tests are performed at identical LSM cathodes under similar conditions. The correlation between the ⌬E values and the Cr volatility of the alloy is supported by the significant differences in the polarization behavior of the O 2 reduction on LSM cathodes in the presence of different alloys ͑Fig. 2 and 3͒. This is also supported qualitatively by the clearly visible differences in the amount of the Cr deposits on the LSM/YSZ interface among the alloys studied ͑Fig. 7͒. In the case of RA600 alloy, the substantially high ⌬E increase with the cathodic polarization time is most likely related to the high Cr volatility of the Cr 2 O 3 oxide scale formed. The sensitivity of the ⌬E change with the morphology and microstructure of the oxide scale is also demonstrated by the very different polarization behavior of the LSM electrodes in contact with RA446 and Crofer22 APU despite the similar oxide scale composition of these two alloys.
However, at initial stage of the polarization, the ⌬E change for the oxygen reduction on the LSM electrodes in the presence of the chromia-forming alloys studied in this study is similar in magnitude ͑see Fig. 3͒ . This may be related to the different growth kinetics of chromia and spinel phases in the scale. As shown by Yang et al., 24 there are preferred orientations of growth of chromia and spinel crystals in the scale and the ͑Cr,Mn͒ 3 O 4 spinel does not cover the full surface of alloy at the early stage of oxidation. With the increasing oxidation time, the crystallographic orientation of the spinel become more homogeneous. Thus at early stage of the formation of the oxide scale, the Cr vaporization would be dominated by the Cr 2 O 3 phase and is probably similar among the chromia-forming alloys studied. This appears to be the reason for the similar magnitude of the potential increase ͑i.e., ⌬E͒ observed for the oxygen reduction on the LSM electrodes at initial stage of the cathodic polarization ͑t Ͻ 4 h, see Fig. 3͒ . In conclusion, this study demonstrates that the Cr volatility of the oxide scale can be qualitatively assessed by the magnitude of the ⌬E Cathode change with the cathodic current passage under controlled testing conditions. Such an electro- Figure 6 . SEM images of cross sections and the element distribution profiles of the chromia-forming alloys after oxidation treatment at 900°C in air for 500 h. ͑a, b͒ RA600, ͑c, d͒ RA446, and ͑e, f͒ Crofer22 APU. chemical method is simple and fast compared to the conventional transpiration method. 16 A study is in progress to correlate the qualitative electrochemical results with the quantitative analysis of the concentration of Cr deposits in the LSM/YSZ cells in contact with different alloys.
Conclusions
Both impedance and polarization behavior of the O 2 reduction on LSM electrodes in contact with three different chromia-forming alloys were investigated at 900°C under a cathodic polarization of 200 mA cm −2 . The electrode polarization resistance measured at OCP, R E , shows inconsistent and fluctuated behavior with the cathodic polarization time. However, it has been found that the magnitude of polarization potential increase, ⌬E, can be qualitatively correlated with the Cr volatility or vaporization of the chromiaforming alloys studied. ⌬E was closely related to the microstructure and composition of the oxide scale formed on the alloy surface. Among the alloys studied, the Crofer22 APU showed the lowest ⌬E increase with the cathodic current passage for the O 2 reduction reaction. The low ⌬E is most likely due to the formation of a dense and stable ͑Cr,Mn͒ 3 O 4 spinel oxide scale on the Crofer22 APU alloy that is effective to reduce the generation of volatile Cr species. The significant differences of the magnitude of ⌬E for the O 2 reduction reaction on identical LSM electrodes between the RA600, RA446 and Crofer22 APU alloys confirm that the formation of a dense, void-free, and ͑Cr,Mn͒ 3 O 4 spinel phase dominant oxide scale effectively reduces the chromium volatility. The results in this study indicate that Cr volatility of a chromia-forming alloy can be qualitatively assessed by a simple electrochemical polarization method for the potential interconnect application in SOFCs. 
